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Abstract - Boreho le  televiewer logs were  recorded ove r  92% of the CRP-3 
(Jrillhole. Processed televiewer images detect a variety of features in the borehole 
wall, including bedding, lones to~~es ,  conglomerates. fractures, and breakouts. Data 
quality varied from poor in much of the top 350 mbsf to excellent in the lower 
portion of the hole. Three types of stress-induced drillhole failures - breakouts, 
petal centre-line fractures, and tensile fractures - were analyzed to determine the 
present-day stress state. Using the elastic equations for stress concentrations around 
a borehole, we estimate stress magnitudes and conclude that the stress state within 
CRP-3 is strike-slip.  T h e  minimum horizontal  stress direction is N7S0E Â 6' 
(N70Â° Â 6' for breakouts, the most accurate stress indicators). This average direction agrees with the 
N77OE direction of minimum horizontal stress determined from CRP-2A televiewer data.  Both stress 
directions exclude topography as a possible control on local horizontal stresses, as topographic effects would 
generate a minimum horizontal stress direction of S82OE. In contrast, the modern minimum stress direction 
is similar to the extension direction that caused faulting and related structural dips toward N70Â° Â 5O. 
INTRODUCTION 
The World Stress Map (Zoback, 1992) is not truly 
global in its coverage, because virtually no data are 
available from the interior of the Antarctic plate. The 
majority of World Stress  Map data are  focal  
mechanisms, but Antarct ica  lacks both large 
earthquakes and local seismic networks capable of 
detecting smaller earthquakes. Furthermore, many 
(28%) of the stress directions shown on the World 
Stress  Map are derived from borehole breakouts, 
borehole enlargements caused by compressive failure 
of the sides of a drillhole. Within the Antarctic plate. 
however, there have been no industry drillholes and 
only a handful of scientific drillholes, none of which 
h a s  detected breakouts.  This  paucity of stress 
directions hampers studies of driving forces based on 
intraplate stress data ( e . g . ,  Richardson, 1992), as the 
Antarctic plate is one  of only two plates that are 
surrounded by ridges. 
An opportunity to  determine stress directions 
within part of the Antarctic plate is provided by the 
Cape Roberts Project (CRP). CRP is an international 
drilling project whose aim is to reconstruct Neogene 
to Palaeogene palaeoclimate and the tectonic history 
of the Transantarctic Mountains and West Antarctic 
rift system, by obtaining continuous cores and well 
logs  f rom a s i te  near Cape Roberts,  Antarctica.  
Offshore Cape Roberts, tilting and erosion of strata 
have brought Lower Miocene to Lower Oligocene 
sediments near the seafloor. The three CRP holes 
penetrate successively older portions of a 1600 m 
composite stratigraphic sequence. The third C R P  
drillhole, CRP-3, cored 821 m of Lower Oligocene 
and possibly Upper Eocene sedimentary rocks and 
116  m of underlying Devonian sandstone (Cape 
Roberts Science Team, 2000). Average core recovery 
was 97%. The mid-Tertiary section consists primarily 
of sandstones and muddy sandstones; other lithologies 
include common thin conglomerate beds and less 
common sandy mudstones and diamictites (Cape 
Roberts Science Team, 2000). 
Moos et al. (2000) analyzed borehole televiewer 
(BHTV) logs from the second CRP drillhole, CRP- 
2/2A, and utilized the results both to determine the 
direction of minimum horizontal stress and to provide 
bounds on the  overall  stress s ta te .  This  paper  
undertakes a similar analysis for CRP-3 based on its 
BHTV log. 
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METHODS 
DATA ACQUISITION AND PROCESSING 
BHTV well logging was undertaken during three 
phases of the drilling of CRP-3. The first phase was 
at the conclusion of drilling with HQ drillroil (102- 
mm diameter), and the next two phases were midway 
;ind at the conclusion of N Q  (80-mm diameter) 
drilling. The BHTV is an acoustic instrument that 
provides an image of surface reflectivity of the wall 
01' a fluid-filled borehole (Zemanek et al., 1970). An 
acoustic transducer in the tool fires a sound pulse, 
which travels through the borehole fluid, bounces off 
the borehole wall, and returns to the transducer. The 
AntaresB BHTV used at CRP-3 is a digital tool 
which analyzes the received waveform from each 
transducer pulse, picks amplitude and traveltime of 
the reflection from the borehole wall, and transmits 
these values to the surface electronics in real time. 
The transducer, which is mounted on a rotating shaft, 
sends  and receives e i ther  7 2  o r  144 pulses per  
rotation. As the tool is pulled up the hole, the rotating 
transducer obtains continuous 360' images of both 
amplitude and traveltime. The logging speed of 1.2 
m l n ~ i n  results  in a vertical  resolution of 3 m m .  
Reflection amplitude depends mainly on reflectivity 
and roughness of the  borehole  wal l .  Travelt ime 
depends on the diameter of the borehole. 
The  BHTV logging tool includes two 
accelerometers and three perpendicular  
magnetometers,  fo r  tool orientation.  The  CRP-3 
accelerometer logs indicated that hole deviation was 
minor, less than 2.5' from vertical (Cape Roberts 
Science Team, 2000) .  The  two horizontal  
magnetometers provide  a cont inuous  record of 
orientation of the tool with respect to magnetic north, 
s o  that  al l  images  can be  converted f rom tool  
coordinates to  magnet ic  north. We converted the  
images from magnetic north to true north coordinates, 
using measurements of local deviation based on an 
on-ice reference magnetometer. The  CRP-3 site is 
actually at a higher latitude than the South Magnetic 
Pole, and it is so close to the magnetic pole that we 
considered it necessary to test the 148' (S32OE) local 
deviation based on the International Geomagnetic 
Reference Field (IGRF).  An additional concern at 
very high latitudes is that magnetic storms can cause 
sudden, large swings in local deviation. Consequently, 
the reference magnetometer recorded 3-component 
magnetic field direction throughout BHTV logging. 
Fortunately, magnetic storm activity was minor during 
logging, causing declination variations of <3O. Our 
measurements with the reference magnetometer were 
consistent with the IGRF value: 147-148'. All BHTV 
images were oriented to true north with corrections 
for both average and time-varying local deviation. 
BHTV logs were  obtained for 92% of CRP-3.  
Two intervals were  not  logged because  ho le  
conditions were too unstable to risk losing the 1001: 
the upper fault zone (255.1-27 1.4 mbsf), :nnl lluX 
bottom part of the hole (898.5-939 mbsf). which w; is  
blocked by swclling clays in an altered intrusion. 1.o;: 
quali ty varied from poor  to excellent,  gcuera l ly  
improving with increasing depth. Much of llu- top 
half of the BHTV log provided only rare returns f r o m  
the borehole wall, possibly because of mudc;ikc. 1 1  
was usually possible. however, to identify eiiougli 
features in this upper log to orient cores ( . lari~ird,  
Paulsen & Wilson, this volume).  All of ihc r a w  
BHTV images exhibited vertical striping that parli;illy 
masked geologically meaningf~~l features. This striping 
was removed by preprocessing, and then iintiges w c i ~ ~  
displayed with false colors to enhance subtle I'eatuscs. 
The  ampl i tude images  were most ~ ~ s e l . i i l  for 
identification of geologic features such as fractures, 
bedding, and clasts. The CRP-3 traveltime logs slid 
not provide  reliable measurements of h o l e  si/.c, 
because of a combination of poor cal ibra t ion by 
AntaresB and cycle skipping. They occasional ly  
provided useful images  of borehole f-eatures, 
part icularly open fractures and clasts,  b u t  these 
features generally were imaged as well or better h y  
the amplitude log. Hole size was quite uniform, based 
on dipmeter measurements (Cape Roberts Science 
Team, 2000). 
The  CRP-3 BHTV logs, like other CRP-3 well 
logs, exhibited up to 2.5 in of depth shift compared 
to coring depths, caused mainly by stretch of the 
logging cable. This shift varied both between and 
within logging runs. We corrected the BHTV data to 
minimize depth shifts, based on identificiition o f  
depths of 337 correlative features on the core  logs 
(Cape Rober ts  Science Team,  2000) a n d  131-1TV 
images. Optimum depth shift for each of 11 intervals 
of BHTV log was calculated. The final shifted logs 
have residual depth shifts that are everywhere less 
than 10 cm. 
T h e  BHTV logs  probably have an a z i m u t h  
accuracy of 22'  for  the  internal magnetometers  
(calibrated by AntaresB) and Â±2 for local deviation 
(measured by our on-ice reference magnetometer). 
Jarrard ,  Bucker  e t  al .  ( this volume) conf i rm the 
reliability of the BHTV orientations by comparing 
average structural  downdip azimuth for t h e  shelf 
interval 100-789 mbsf based on BHTV (N66OE), 
dipmeter (N65'E), and regional seismic reflection 
profiles (N7 1 'E). 
BOREHOLE INDICATORS OF STRESS 
DIRECTION 
T h e  process  of dr i l l ing a borehole  causes  a 
concentration of stresses around the borehole wall 
(e.g., Zoback et  al.,  1985) and below the bit (e.g., 
Lorenz et al., 1990). Because a borehole amplifies the 
far-field stress difference, very high compressive and 
absolute tensile stresses can occur around and beneath 
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the  l iolr .  If s t resses  are sufficient  to cause  the 
formiitioii to fail in either tension or compression. 
analysis 0 1 '  the resulting failures can determine far- 
fiekl. in .'Â¥i/i stress directions. 
When.' the compressivc stress concentration around 
the wall o l  the hole is lamer than the rock strcngtli. 
t he  rock Sails and falls into the hole.  forming a 
borehoI~- breakout (Cough & Bell, 198 1 ; Zoback et 
al., 1985).  Breakouts form on opposite sides of a 
borehole .  Thei r  dist inctive pattern of hole 
enlargements can be detected with 4-arm caliper logs 
if they arc large enoiigh. Breakouts smaller than 30Â 
wide arc common but not detectable even in 20-cm or 
larger  ho les ;  f o r  H Q  and N Q  holes ,  pad widths  
preclude detec t ion unless more  than half of the  
borehole wall fails. Even when they are too small to 
be  detected by caliper logs, breakouts are usually 
obvious on BHTV amplitude and traveltime logs. In 
vertical holes, breakouts occur at the azimuth of the 
least horizontal far-field stress. The occurrence (or 
iion-occurrence) of breakouts and their widths can be 
used to quantify stress magnitudes (Zoback et al.: 
1985; Moos & Zoback. 1990). 
Drilling-induced tensile wall fractures can form at 
the wall of a vertical borehole if the horizontal stress 
difference i s  quite large. These  cracks  are  nearly 
vertical and on opposite sides of a borehole; their 
strikes parallel the direction of the far-field greatest 
horizontal stress. In vertical wells that are drilled with 
m u d  weights  only  sl ightly greater  than t h e  pore 
pressure, the formation of tensile cracks requires a 
large difference in the magnitudes of the horizontal 
stresses.  Thus their presence or absence provides 
infornitition to constrain stress magnitudes. 
When mini weights are  relatively high or the 
stress (lil'i'erence is l;irgc, stress concentration below 
the coring bit may he sufficiently high to induce 
tensile fractures below the bottom of the hole. At 
substantial depth, these generally form near the hole 
centic and arc rci'erred to as petal ccntre-line fractures 
(?.g., L o r e n ~  et al., 1990). At relatively shallow depth, 
these often form near the edges of the hole a n d  are 
called core-edge fractures (Li & Sclimitt, 1997; 1998). 
Botli have characteristic features (e.g., Moos et al., 
2000: Paulsen et al., 2000). They can be differentiated 
from natural fractures because they do not cross the 
borehole and thus do not form complete sinusoids on 
BI-ITV images. T h e  presence of these features in 
co res  or  BHTV images  is an indication of large 
differential  horizontal  s t resses .  Thei r  str ike 
corresponds to the direction of the far-field greatest 
horizontal stress. 
RESULTS 
OBSERVED STRESS DIRECTION 
The CRP-3 BHTV images provide 71 estimates of 
minimum horizontal stress direction. Petal centre-line 
and core-edge (PCL-CE) fractures, breakouts, and 
tensile fractures give generally similar results (Fig. 1). 
Figure 2 shows these data as a function of depth in 
the borehole. 
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Fig .  1 - Histosrams of estimates of 
minimum stress direction f rom 
breakouts (A). petal centre-line and 
core-edge (PCL-CE) fractures (B) .  
tensile fractures (C). and combined 
data excluding possible natural 
fractures (D) .  Types of PCL-CE 
fractures in B are: confirmed in core 
(sol id) .  possible natural fractures 
(white) .  ovals (diagonal lines}. and 
other (dotted). 
200 l< I ) .  J i l l  siiid cl al 
Borehole Breakouts 
Borehole breakouts i n  the CRP-3 B H T V  images 
have characteristic signatures of two vertical bands, 
1 8 0 Â  apart  and  25-30Â i n  width,  of very low 
amplitude and larger traveltime. Vertical extent of 
individual breakouts varies from 0.4 to 1.8 in. All of 
the observed breakouts occur in the bottom third of 
the  hole,  within the intervals 679-693 and 79 1 - 
S21 mbsf (Fig. 2). This lower interval corresponds 
closely to the 790-823 mbsf depth range of a doleritic 
breccia and conglomerate (Cape Roberts Science 
Team, 2000), and the breakouts are largely confined 
to interclast matrix, not doleritic boulders. Breakout 
aximuths are expected to parallel the direction of far- 
field, minimum horizontal in situ stress. Nearly all of  
the observed breakouts occur in well-defined pairs. 
Both azimuths were picked and displayed on figure 1 
o n  a 0-180Â scale, converting azimuths of 180-360' 
by subtracting 180'. The 25 breakout directions are 
tightly clustered at a mean azimuth of N70Â° Â 6' 
(95% confidence limits). 
Petal Centre-line and Core-edge Fractures 
Fractures that are described as petal centre-line 
(PCL) or core-edge (CE) within CRP cores (Cape 
Roberts Science Team, 1999,  2000 ;  Wilson & 
Paulsen, this volume) also can be detected on BHTV 
images (Moos e t  a l . ,  2000) .  Their  diagnostic 
characteristics include an open-fracture signature, 
steep dip, clearly defined lower termination (often 
spalled),  and l imbs that become subvertical  and 
disappear uphole. They strike perpendicular to the 
direction of minimum horizontal in s i t u  far-field 
stress. Minimum stress direction can be picked as the 
down-dip termination azimuth and the average of the 
two limb orientations. Minimum stress directions 
based on these PCL-CE orientations are shown on 
figure 1 as a histogram with an azimuth scale of O0- 
180'. The mean direction is N8 1 OE, similar to but 
significantly greater than the  N70Â° azimuth of 
breakouts. 
Ten BHTV fractures have a distinctively different 
shape than the typical half-sinusoid of PCL-CE 
fractures: they are ovals, 1-2 cm in height and 3-5 cm 
in width. This shape, which is similar to that of some 
core-edge fractures, may indicate drilling-induced 
fractures so near the edge of the bit that they barely 
intersect the borehole wall. These ovals have centre- 
point orientations of 70' and 268O (N70Â° and 
S8S0W), 198O apart and very similar to other PCL-CE 
orientations. We tentatively conclude that they are CE 
fractures and include them in the PCL-CE estimate of 
minimum stress direction, but w e  note  that their 
inclusion does not significantly change the result. 
The PCL-CE fractures, which are drilling-induced, 
cannot always be reliably distinguished from open, 
steep, natural fractures on BHTV images. Ideally, the 
latter form planar intersections with the borehole wall, 
evident as complete sinusoids on a BHTV image, 
/Â¥';,i,' 2 - Hstimalcs of minimum stress direction (cxcludin:: possihlr 
natural fractures) vs. depth. Symbols: breakouts (solid clots). pelal 
centre-line and core-edge (open circles),  and tensile c r acks  ( ). 
1-Iori~ontal ines indicate mean orientation of minimum sli'css ( ' /S "  
and 255'. o r  N7S0E and S7S0W). 
whereas PCL-CE fractures foim incomplete sintisoids 
that lack tops. However, CRP-3 BHTV image quality 
is  often inadequate for  detection of the complcte 
sinusoidal signature of a natural fracture. To rninimi/.c 
the mispicking of natural  fractures as PCL-('1: 
fractures, we compared our listing of BHTV-based 
PCL-CE depths to two core-based lists: (1) depths of 
core-based PCL or CE fractures, and (2) depths of 
steep (>64') natural fractures in cores. 
Petal centre-line and core-edge f ractures  arc 
common in CRP-3 HQ cores but relatively rare in the 
NQ cores (Cape Roberts Science Team, 2000; Wilson 
& Paulsen, this volume). In contrast, only one third 
of observed BHTV-based PCL-CE fractures are i n  HQ 
hole. BHTV images from the HQ hole are generally 
so poor that natural fractures, bedding, and clasts are 
rarely detectable, so the relative abundance of PCL- 
C E  fractures in H Q  vs. NQ intervals cannot be 
evaluated from BHTV data. Only 8 of the PCL or CE 
fractures identified in cores correspond in depth to 
BHTV-based PCL-CE fractures. 
Most natural fractures within oriented CRP-3 cores 
have a NNE strike (Wilson & Paulsen, this volume). 
Consequently, the presence of natural fractures within 
our PCL-CE population would have the effect of 
biasing the mean azimuth of minimum stress toward a 
value higher than that measured with breakouts. Of 
the original 36 features picked as PCL-CE in BHTV 
images, 7 occur at the same depth as steep natural 
fractures in the cores. The PCL-CE average of 86' 
for those at the same depth as natural fractures is 
indeed intermediate between the 70' average from 
breakouts and the -101Â average dip azimuth (on a 0- 
180Â scale) of natural fractures (Wilson & Paulsen, 
this volume),  suggest ing that bias is  present.  
Excluding these data, the mean PCL-CE direction 
changes from N81Â° to N80Â°E 
Tensile Fractures 
Tensile fractures arc evident i n  IIllTV images as 
vertical open fractures that bisect tlic borehole,  
forming two narrow, low-amplitude, higlli-triivcltinic 
lines -,ISOO apart. Moos et al. (2000) show examples 
o f  tensile fractures from the CRP-2A Bfl'l'V log. 
'Fensilr fractures appear to be rare within ('RP-3: only 
6 such frtictuses, 1.1-4.4 in long,  were clelcctcd. 
Tensile fi-iictures are often associated with drilling 
events such  as  a bit  change:  within CRP-3.  this  
gencrt~li~iition holds for all except the deepest pair of 
tensile f rac tures .  The s tandard  deviation of 
orienttitions is double that o f  breakout am1 PCL-CE 
azimiiths. but the N77OE mean is similar ( F i g  l ) .  
Identifictition of tensile fractures i n  CRP-3 is less 
useful for stress direction than as a constraint o n  
stress magnitude, as discussed in the next section. 
STRESS MAGNITUDE 
The presence (or absence) of wellborc failures 
(tensile wall fractures, borehole breakouts, and coring- 
induced tensile fractures) provides information on the 
magnitudes of in situ stresses (Moos & Zoback. 1990; 
Peska  and  Zoback ,  1993).  Moos  e t  al .  (2000)  
determined constraints on stresses in the interval 
penetrated by CRP-2A,  based on the  presence of 
tensile f rac tures  and  absence  of breakouts.  T h e  
information available in CRP-3 is more complete. as 
both breakouts and tensile cracks were observed in 
some  intervals and not in others.  Furthermore,  a 
leakoff test was conducted at the HQ casing shoe, 
during the change from HQ to NQ drilling, providing 
a measure  of leas t  pr incipal  s t ress .  T h e  genera l  
approach used both here and in the previous study is 
to constrain the  far-field s t resses  based on 
observations of wellbore fai lure using the elast ic 
equations for stress concentrations around a vertical 
well .  To apply this approach w e  use the  fact  that  
fa i lure  at the  wal l  of a well  occur s  when the  
circumferential stl-ess; oeg exceeds the rock strength. 
For  tensile fai lure,  onnml"  < -T, where T is  tensile 
strength; for compressive failure (breakouts), oW1l1  ^> 
C E ,  where C n -  is effective strength. 
In the case of tensile failure, we solve the elastic 
equation for the circumferential stress at  the point 
where  it is most  tens i le  and exceeds  the  tens i le  
strength. In the case where one principal in situ stress 
axis is vertical the equation, rewritten to solve for the 
maximum horizontal stress (SHllls), is: 
The observation that tensile fractures both in this 
well and in CRP-2A were nearly axial to the vertical 
borehole supports our assumption that one principal 
stress is vertical. In order to solve this equation for 
SW it is necessary to measure or calculate the mud 
pressure  (Plnud), po re  pressure  ( P ) ,  a n d  leas t  
horizontal stress (S,l1n,,). Mud pressure is the sum of 
the hydrostatic head induced by the stat ic mud 
density ;ind the p u i i i p i ~ ~  pressure. minus the pressure 
drop ticross the exit points within the bit: f ' l l l , i  = pl l l~ l~l  
.S. .:. 
.S.c ,... Ii,,,,,, i- l' ,,l, l',ll ,,,,. whtse P , , ~ ~ ~ ,  is mud ciensity 
and h,,,,,, is height of' (lie inncl column below the rig 
Kelly bushing. Pore pressure is P = p,*g*h , where 
l' 
p. is the formation fluid density ;ind h , ,  is the height 
below sea level, '['lie least liori/,ontal stress can be 
determined from the shut-in pressure measured during 
an extended leakol'f tesf. In  order to use this value at 
dep ths  other than the depth where the test  was  
conducted. i t  is necessary to assume that the ratio 
(S,lllllll-f~,)/li,,s,, computed from the shut-in pressure and 
the pore pressin-e at the shoe depth 1l,,s,., is a linear 
function of depth. Furthermore. we must assume that 
the  shut-in test actually generated a n  hydraul ic  
f rac ture  which was shut i n  at the pressure  
corresponding to the least principal far-field stress, 
which - if less than the vertical stress as in this case 
- must be by definition S,lllllll. 
I n  the case of co~npressive failure of a vertical 
well ,  the width of breakouts (A) can be related to 
s~,lll~ls. slllllill, PI,. an(i Plll,l(l as follon1s: 
The effective strength ( C f r )  increases as the mud 
pressure increases, and 6 ,  = 90 - $12. The thermally 
induced stress (G^) is assumed to be zero when the 
breakouts  fo rm,  based o n  the fac t  that  borehole  
temperatures after cessation of drilling were not much 
di f ferent  f rom equi l ibr ium (Bucker  e t  al . ,  th is  
volun~e). AP= P 1  ,-Pl,. 
In the case of no compressive failure, breakout 
width @=0 and therefore the term 2cos29, = -2. In 
addition, P1llLld=Pp and therefore effective strength is 
equal to tinconfined compressive strength (UCS).  
Consequent ly ,  equat ion 2 in the  c a s e  where  no 
breakouts occurred reduces to the simpler equation 
used in the CRP-2A analysis (Moos et al., 2000): 
Compressive and tensile failures within CRP-3 are 
assumed to occur at different stages of the drilling 
process: compressive failure occurs when the mud 
pressure is smallest and equal only to the static mud 
pressure, and tensile failure occurs when the mud 
pressure is greatest, during active pumping, when it is 
augmented by the excess pumping pressure. In this 
well it is also important when calculating the stresses 
that the presence of tensile cracks corresponds in two 
of the three cases to the depths of bit changes. Bit 
changes involve excess pumping, pump start-up and 
stopping pressures, and modest cooling which may 
overcome the finite tensile strength of the rock; all 
three  processes enhance the  l ikelihood of tensile 
cracks developing at these depths. One other tensile 
fracture location is at the casing slioe, supporting the 
inference that the leakoff test actually did break clown 
the formation and induce hydraulic lracturing. The 
observation that few tensile cracks occurred anywhere 
else supports the contention that the stress state is 
generally not conducive to tensile f'ailure. 
Rather than consider equations 1-3 individually, a 
better  method is to present a plot of SSlmax r.v. 
Shinin with superimposed lines that indicate the  
combination of SHmax and Slimin that is consistent 
with the observed failures. We apply this graphical 
approach in figure 3, to calculate stresses at a true 
vertical depth of -1030 111 below sea level (mbsl) ,  
where tensile cracks developed at the point where a 
bit change was made. The lower blue line indicates 
the values of SHmax  above which such fa i lures  
would occur during pumping. The upper blue l ine 
indicates the conditions in the absence of p~iniping. 
which provides  an upper  bound on SHmax .  We 
constrain the minimum stress using the initial shut-in 
pressure during the leakoff test at the HQ casing shoe 
(at a depth of 634 mbsl), which was between 1375 
and  1405 psi  (9 .5-9 .7  MPa) .  The  corresponding 
Slimin gradient  leads  to a value at 1030 mbsl of 
approximately 2400 psi (16.6 MPa). The stress state 
consistent with these observations is indicated by the 
green t r iangle  in f igure  3 ,  showing Shmin  = 
2400Â±10 psi (16.6 MPa), and SHmax = 3950Â±15 
psi (27.2 MPa). 
N o  breakoiits occurred ;it this clcpth. In order l'oi 
n o  breakouts to occur. rock compressive s tu~ i i~ :~ I i  
would need to he above cippsoxiinately 6000 psi 
(41 .4  Ml5;i), which is consistent with lahoi';itiii.y 
determined compressional velocities a n d  (lc'nsitirs 
(Jarrarcl, this volume).  A short distance f r o m  t l ~ i +  
depth, breakouts did initiate within a saiidstonc' ill 
979-993 nilxl. I n  order for these breakouts to on.'iir, 
with widths ranging from 20 to 40 degrees. tin' rock 
strength only needs to he slightly less than iihove. 
within the range 5500 to 6000 psi (37.9-41 .4 MI';i), 
as shown o n  figure 313. Measurements of uneonl'incd 
comprcssive strcngtli could provide a confirniiition of 
the Shni i~i  stress magnitude extrapolated from I I I C  
eakoff test (for exiimplc. if Slimin were a hit lowri., 
as indicated by the red triangle, the rock strcng(li,s 
consistent with the breakout observations would 1x1 
lower). 
A similar analysis can be conducted for the deeper 
interval 79 1-8 1 1 mhsl'. a doleritic breccia i n  which 
breakouts developed within weak interclast matrix hut 
not in stronger clasts. The absence of tensile cracks 
within this interval bounds the SHniax stress 1'1~0111 
above, resulting in overall stress estimates for this 
depth that are similar to those for the shallower /,one. 
If rock s t rengths  were known, the  p resence  of 
breakouts  in the  weak rocks and a b s e n c e  i n  t l u  
stronger rocks could provide additional constraints o n  
stress magnitudes at this depth as well. 
Based on these analyses, stress magnitmlcs ;ire 
strike-slip within CRP-3 (Figs. 3 & 4). 
Fig. 3 - Constraints 011 stress magnitudes at a depth of approximately 1030 mbsl. The frictional strength polygon is black, red contours are 
conditions for breakouts (in psi). and blue contours are conditions for wall fractures (in psi). A: conditions that would cause breakouts to 
begin to form (wBO=0) while no circulation is occurring. The blue lines indicate bounding conditions to generate tensile cracks while 
pumping (excess pressure of 343 psi. or 2.4 MPa) and to avoid tensile cracks while not pumping (0 excess pressure). For a least stress of 
2400Â±10 psi (16.6 MPa). the shaded zone shows the range of likely stresses if tensile cracks could form only during pumping. assuming 
that finite tensile strength is offset by modest cooling while pumping. The red lines indicate that no breakouts would form for these 
conditions if rock strengths are -6500 psi (Â±50 psi to accomn~odate the uncertainty in SHniax) or -44.8 MPa. B: the same shaded zone 
bounded by the same blue lines illustrates that breakouts 30-degrees wide could form for a rock strength of -6000 psi (Â±50 psi to 
accommodate the SHmax uncertainty) or -41.4 MPa. The green triangles are for a minimum stress consistent with the leakoff test. and the 
red triangles are for a somewhat lower minimum stress at this depth: both are within the strike-slip (SS) portion of the frictional strength 
polygon. 
INTERPRETATION OF STRESS PATTERN 
Stress magnitudes are strike-slip within ( 'RP-3 
(Figs. 3 4). in contrast to the normal to strike-slip 
stress s l a t e  at CRP-2A (Moos et a l . ,  2000) .  I t  is 
possible however that both results are correct, and 
that (.'RP-2A is i n  fact characterized by lower stresses 
than ('RI'-3. One possible explanat ion for tlie 
apptirrnt difference is that the liigh stresses at both 
s i tes  ;it t hese  relatively shal low depths  arc  a 
conscilcience of uplift and erosion which was much 
more pronounced at CRP-3 (-750 m) than at CRP-2 
(-250 m).  Uplift relieves the vertical stress but not 
the  hori7,ontal stresses, leading to high horizontal 
stresses ;it shallow depth relative to those at greater 
depth, with no change i n  stress orientation. Moos & 
Zoback (1993) documented this phenomenon using 
hydraulic fracturing measurements in wells in the 
eastern United States. Higher stress relief at CRP-3 
than at ( ~ R P - 2 A  is also suggested by core velocity 
measurements:  velocity sensit ivity to pressure is 
significantly higher at CRP-3 than at  CRP-1 and 
CRP-2A, attributable to either rebound or microcracks 
at CRP-3 (Jarrard, this volume). 
The occurrence of stress-direction indicators in 
CRP-3 BHTV images shows both similarities and 
differences to those reported by Moos et al. (2000) 
f o r  CRP-2A,  2 km away. Tensi le  f r ac tu res  were  
detected but rare at both sites. PCL-CE fractures are 
common at  both sites but much more  abundant at 
CRP-2A (Paulsen et al., 2000; Cape Roberts Science 
Team, 2000). In an effort to improve hole conditions, 
drillers used consistently lower mud weights at CRP-3 
than  those employed for  CRP-2A (Cape  Rober ts  
Stress or Pressure (PSI) 
'Leakoff Test 
/' 
Sc ience  Teiiiii, 2000) .  The r c s i i l ~ i n ~ d e c r e a s e  in 
hydr ;~c~ l i c  1'ic;id is less likely to induce \ '( ' l ,-CE 
f~~i~c~liircs. 13rc;ikout.s ;ire (Ielccted at CRP-3 hilt not at 
('RP-2A. probably because of' tlic shallower deptli of 
the ( 'R1'2A l3Il'l.V l o g  'I'lie ('RP-2A Bll'l'V log 
ended ;it 444 mbsf whereas all breakouts at CRP-3 
occurred below 679 mhsf. Dipmcter logging. which 
extcii(letI to 623 mhsf t i t  CRP-2A a n d  902 mhsf at 
CRP-3.  detected n o  brctikonts at ei ther si te.  The 
comhinal ion o f  relatively large dipmeter pads and 
s~i~il l- i l i t imeter hole permits detection only of' very 
wick hrciikoiits. 
'the combined orientations of breakouts, PCL-CE 
fractures (excluding possible natural fractures), and 
tensile fractures at CRP-3 provides an overall average 
determination of N75.S0E Â 5.5' (95% confidence 
l imi ts )  For minimum horizontcil s tress direction.  
Breakouts, which we consider to be the most accurate 
indicators of stress direction for CRP-3,  have an 
average azimuth of N69.6OE Â 5.7'. These estimates 
a re  compat ib le  with the N77OE minimum stress 
direction determined by Moos et al. (2000) from 
CRP-2A BHTV images, based mainly o n  I'CL-CE 
orientations. 
Local topography can dominate the horizontal 
stress pattern of shallow wells, because of lack of 
lateral confining pressure from the topographic low; 
in an ext reme case ,  s lumping results .  T h e  net 
topographic effect is to generate a minimum stress 
direction perpendicular to topographic contours. CRP- 
2A and CRP-3 penet ra te  seaf loor  with a local 
topographic slope of -2' to the west. The minimum 
hor izonta l  s t ress  d i rec t ions  f o r  both si tes are 
significantly different from the S82OE prediction for a 
TÃ‘Ã‘Ã‘Ã‘Ã‘Ã 
h m , n  
4 0 0 0 7  p 7- 
0 10 20 30 
Stress or Pressure (MPa) 
Fig. 4 - Stress analysis results. 
"ration S is computed from intea 
of laboratory measurements. P 
is computed assuming a gradient 
of 0.465 psilft (0.001 MPaIm). 
The two lines for Shmin are (a) 
assuming that i t  is equal to S at 
the sea floor, and (b) assuming 
that it has a finite value at the 
sea floor. Both assumptions are 
reasonable, but a finite value is 
more likely. S H ~ n a x  values are 
constrained by the following: (1) 
observations of tensile cracks at 
1010 m bsl (where excess 
pumping may have contributed 
to their formation) and no 
tensile fractures at immediately 
below that depth and at 
approximately 1105 m bsl, and 
(2) the assumed projection of 
the Shmin gradient to those 
depths. 
topographical ly  dominated local  stress f ie ld .  
Fur thermore .  the depths of most of the s t ress  
ilirections from CRP-2A arc greater than the deepest 
portion of the adjacent topographic low, 4 km away. 
and the depths o f  virtually all of the CRP-3 stress 
directions are much deeper than the topographic low, 
so a topographic effect appears to be unlikely. 
Presence of a significant topographic effect at 
( 'RP-3 would genera te  a dowsihole rotation of 
minimum stress direction. because the net stress is a 
sum of topographic and  tectonic effects,  and the  
topographic effect decreases downhole. In  contrast to 
this prediction, the CRP-3 minimum-stress directions 
exhibi t  no  evidence of sys temat ic  changes  as a 
funct ion of depth (Fig .  2 ) .  T h e  uniformity of 
direction,  throughout both Tertiary and Devonian 
in tervals  and both across and  within faul ts  
- 2 6 0  mbsf, -539 mbsf. and 790-802 mbsf), suggests 
that  it is truly a representative,  far-field s t ress  
d i rec t ion rather than one biased by local  s t ress  
gradients. 
The N7S0E modern minimum stress direction is 
very similar to several palaeostress indicators. Early 
Oligocene (or latest Eocene?) sifting of this region 
presumably  involved extens ion approximate ly  
perpendicular  to the  modern coas t l ine ,  towards  
-N72OE (Cape Roberts S c i e n c e  Team,  1999) .  
Oligocene and Early Miocene growth faulting and 
tilting had similar orientations: dipmeter data indicate 
downdip azimuths of N7S0E at  CRP-2A (Jarrard et  
l .  2000) and N6S0E at CRP-3 (Jarrard, Bucker et  
al., this volume). The stress history of this region is 
more  complex than extens ion uniformly toward 
-N7S0E,  however.  H a n ~ i l t o n  e t  a l .  (1998)  have  
mapped a variety of fault  o r i en ta t ions  based 011 
seismic data,  none of which (including the major 
boundary fault) are perpendicular to -N7S0E. Wilson 
(1995) has documented transtension and NNE-ENE 
striking fractures onshore Cape Roberts. Furthermore, 
the dominant fracture str ike observed in oriented 
cores from CRP-3 is NNE (Wilson & Paulsen, this 
volume). 
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